Summary: Recent investigations of the interaction between the West Nile virus (WNV) envelope protein (E) and monoclonal antibodies (mAbs) have elucidated fundamental insights into the molecular mechanisms of neutralization. Structural studies have defined an epitope on the lateral ridge of domain III (DIII-lr) of the WNV E protein that is recognized by antibodies with the strongest neutralizing activity in vitro and in vivo. Antibodies that bind this epitope are highly potent because they efficiently block at a post-entry step of viral infection with relatively low virion occupancy requirements. In this review, we discuss the structural, molecular, and immunologic basis for antibody-mediated protection against WNV, and its implications for novel therapeutic or vaccine strategies.
Introduction
West Nile virus (WNV) is an 11 kb positive sense, singlestranded neurotropic RNA virus that has emerged globally as a significant cause of viral encephalitis. WNV is maintained in an enzootic cycle between mosquitoes and birds (reviewed in 1) but can also infect and cause disease in humans, horses, and other vertebrate animals. WNV causes a range of illness in humans from mild fever to acute flaccid paralysis and lethal encephalitis. Severe neuroinvasive disease is more frequent in elderly or immunocompromised individuals (2) . Nucleotide sequencing separates WNV strains into two lineages (3). Lineage I viruses are emerging globally, and subsets of these strains are associated with severe human and avian disease (4) (5) (6) . In contrast, lineage II viruses isolated from central and southern Africa and parts of Asia have not been associated with severe human disease (7, 8) . Historically, outbreaks of WNV disease occurred in the Middle East, Europe, and Africa. In 1999, WNV was introduced into North America (9) , and over the last 8 years, it has spread throughout the continental United States, as well as parts of Canada, Mexico, the Caribbean, and Central and South America (10, 11).
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Because of the increased range of WNV, the number of human cases has continued to rise. During an epidemic, the seroconversion rate within the affected human population is estimated at approximately 3% (9) , and the incidence of severe disease is approximately 7/100 000 (12) . Overall, only a small percentage of humans (1/150) develop severe neurological disease upon WNV infection, which can include cognitive dysfunction, ocular manifestations, meningitis, encephalitis, and flaccid paralysis (reviewed in 2, 13). In the United States between 1999 and 2007, approximately 27 400 cases were diagnosed and associated with greater than 1000 deaths (http://www.cdc.gov/ ncidod/dvbid/westnile/index.htm). However, the spectrum of disease may be much larger. In 2003 alone, based on screening of blood-bank samples, there was an estimated 730 000 undiagnosed infections (14) . No vaccines or specific therapies for WNV infection are currently approved for human use.
WNV is a member of the Flaviviridae family and is related closely to other human pathogens such as the dengue virus (DENV), tick borne encephalitis virus (TBEV), Japanese encephalitis virus, and yellow fever virus (YFV). Extensive work in small animal models has defined critical protective functions for the immune system including antibody, CD4
1 and CD8 1 T cells, CXCL10, CCR5, complement components, interferons (IFNs), and other innate immune modulators (reviewed in 15). The WNV genome is translated as a single polyprotein and subsequently cleaved by viral and cellular proteases. Three structural [capsid (C), pre-membrane/ membrane (prM/M) and envelope (E)] and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins are encoded (16) . A majority of the flavivirusspecific protective antibody response is directed against the E protein, although antibodies against other structural and nonstructural proteins are detected. WNV-specific antibodies are required for viral clearance (17) and have therapeutic effects in vivo (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . Based on studies detailed below, protection by antibodies is a function of several parameters including epitope location and accessibility, the fractional occupancy or number of times the antibody can bind the virion at a given concentration, mechanism of inhibition, strength of binding, and effector function. A greater understanding of the dynamics of antibody protection against WNV may lead to the development of antibody-based therapeutics and novel immunization strategies that elicit potently inhibitory antibodies in vivo.
Pathogenesis and immune response
The pathogenesis of WNV and the immune responses that prevent central nervous system (CNS) dissemination have been characterized through studies in small animal models. Following peripheral inoculation, WNV is believed to initially replicate in skin dendritic cells (DCs) (28, 29) . These cells then migrate to the draining lymph nodes (29, 30) , where viral amplification occurs leading to viremia and spread to the visceral organs (e.g. kidney and spleen). DCs and macrophages in the lymph node likely initiate the innate immune response against WNV after recognition by Toll-like receptors (TLRs), RIG-I, and MDA5, and signaling through IFN-dependent andindependent mechanisms (31) (32) (33) (34) (35) . Dissemination of WNV to the CNS occurs shortly before clearance of infectious virus from peripheral tissues (17) . Infectious WNV is detected within the CNS at multiple sites including the cerebral cortex, hippocampus, basal ganglia, cerebellum, brain stem, and spinal cord (17, 36, 37) . In most animals, CNS infection occurs primarily in neurons and is associated with their degeneration and loss of cell architecture and apoptosis (26, 38, 39) . However, the mechanisms of WNV CNS seeding remain poorly understood. Earlier entry of WNV in the CNS has been observed in mice exhibiting increased levels of viremia, suggesting that hematogenous spread contributes to CNS seeding (40, 41 ). Yet, earlier viral invasion of the CNS has also been seen in complement-deficient mice that have normal levels of viremia (42, 43) . These studies suggest that additional soluble inflammatory factors modulate blood-brain barrier (BBB) permeability and WNV CNS seeding. Indeed, recent evidence has suggested tumor necrosis factor-a (TNF-a) and macrophage inhibitory factor (MIF)-mediated changes in BBB permeability may enhance entry of WNV into the brain (44, 45) . Retrograde neuronal transport and axonal spread also contributes to dissemination, especially in the spinal cord (26, 46) . Clearly, additional studies are necessary to define the precise mechanism(s) for dissemination of WNV to the CNS. Experiments in small animals suggest that both innate and adaptive immune responses orchestrate control of WNV dissemination and disease. Type I IFN (a/b) and its downstream effector molecules PKR and RNAse L are critical components of the innate immune response to WNV infection (40, (47) (48) (49) . Pretreatment of cells with type I IFN in vitro prevents WNV infection (40, (50) (51) (52) (53) , and analogously, a deficiency of type I IFN signaling in vivo results in increased viral replication, expanded tropism, and uniform lethality (40, 50, 54) . Similarly, type II IFN (IFN-g) produced by gd T cells also limits peripheral viral replication and early WNV dissemination into the CNS (55, 56 
WNV structural biology
The E glycoprotein is the major surface protein on the WNV virion and is the principal antigen that elicits neutralizing antibodies. Through x-ray crystallography, cryo-electron microscopy, and other techniques, the atomic architecture and structural rearrangements that occur during the virus life cycle have begun to be defined (64) . Based on crystallographic structures, the E proteins of DENV, TBEV, and WNV share common structural features (65) (66) (67) (68) . The ectodomain of E protein forms three structural domains (I, II, and III) ( Fig 1A) . Domain I (DI) is the central domain and consists of an eightstranded b-barrel. Domain II (DII) is formed from two extended loops that project from DI and contains a highly conserved loop, amino acid residues [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] , that has been implicated in the acid-catalyzed type II fusion event that has been observed for TBEV and DENV (69) (70) (71) . DIII, located on the other side of DI, adopts a seven-stranded immunoglobulin (Ig)-like fold and has been implicated in receptor binding (72, 73) . The integrin a v b 3 has been suggested as a potential WNV receptor (74, 75) , and the C-type lectin DC-SIGNR can serve as an efficient attachment receptor for WNV (76, 77) . Short, flexible linker regions connect the three domains and allow the conformational changes necessary for virus maturation and fusion (78) . The C-terminus of the E protein consists of two ahelices, termed the stem region, and two anti-parallel coil-coil helices that span the lipid membrane (79) . The cytoplasmic domain of the transmembrane region does not extend far beyond the lipid bilayer. The structure of the mature WNV virion has been defined by cryo-electron microscopy and pseudo-atomic modeling (80) . WNV particles are approximately 500 Å in diameter and have a smooth surface with no apparent spikes or large projections, as seen with other enveloped viruses. The 180 E monomers lay relatively flat along the virion surface as sets of three antiparallel homodimers. This mature flavivirus virion has quasiicosahedral symmetry, such that three E monomers are found in the asymmetric unit resulting in three distinct chemical environments that are available for antibody or receptor binding (Fig. 1B) . When the E protein is in its homodimeric form on the mature virus particle, the fusion loop is shielded in a pocket at the DI-DIII interface of the adjacent E protein.
In immature virus particles, the E protein assumes a distinct conformation. There are 60 trimeric spikes, each consisting of 3 prM/E heterodimers with T = 1 icosahedral symmetry (81) . In this position, prM may prevent low-pH induced conformational changes that would inactivate virus particle during egress through mildly acidic compartments of the secretory pathway (82) . During the secretory process in the trans-Golgi network, prM undergoes cleavage by a furin-like protease that promotes viral maturation (83) . This required cleavage step promotes a rearrangement of E protein on the surface of the virion from a heterodimer (prM-E) into an antiparallel homodimer (E-E) and the formation of a mature virus particle (reviewed in 64). Cleavage results in the formation of a small virion-associated M peptide and the release of the Nterminal 'pr' portion of the protein. In contrast to the spikes present on the immature precursor, the relatively smooth mature WNV virions are composed of 90 anti-parallel dimers arranged with T = 3 pseudo-icosahedral symmetry (Fig. 1B) .
After attachment and endocytosis in a target cell, a reduction of pH in the early endosomes prompts a third structural transition that has been demonstrated for TBEV and DENV. This involves the dissociation of E protein homodimers present on the mature virion (a reversible step) and the formation of E protein trimers (an irreversible step). Structural studies indicate that DIII of the E protein moves approximately 36 Å towards the DII fusion loop in the transition from mature homodimer to post-fusion homotrimer (70, 71) . This movement exposes the fusion peptide, which inserts into the target cell endosomal membrane. Subsequently, viral and cellular membranes are brought into close apposition as the E protein folds back upon itself with the stem anchor region fitting into grooves on the exterior of the trimer. These rearrangements represent a functionally analogous process to the well-characterized fusion process of class I fusion glycoproteins (reviewed in 84).
Humoral immunity against WNV infection
The majority of neutralizing antibodies against flaviviruses recognize the structural E protein, although a subset bind to the prM/M (85-88). Interestingly, antibodies to the NS1 protein, which is absent from the virion, also are protective against WNV in vivo (27, 89) (see below for discussion). Antibody responses to the intracellular proteins NS3 and NS5 have also been observed during WNV infection (90) , although their functional significance remains uncertain.
At least 12 epitopes on the E protein of flaviviruses have been defined by antibody mapping techniques and are associated with distinct functions including cell attachment, dimerization, trimerization, and acid-catalyzed fusion (91) (92) (93) . Virus type-specific epitopes elicit antibodies with the strongest neutralizing activity (92, 94) , and animal protection studies with antibodies correlate with neutralizing activity in vitro (20, 41, 92, 95) . Many of the most potent neutralizing antibodies against WNV recognize the upper lateral surface of DIII that protrudes off the surface of the virion (20, 96, 97) . While humans can produce antibodies of this specificity in response to natural infection (98) , recent studies indicate that the human humoral immune response to WNV infection is narrower than anticipated, with antibody specificity primarily focused on determinants around the fusion loop at the tip of DII. B-cell repertoire analysis of three WNV-infected humans revealed that only 8% of WNV-specific B-cell clones produced antibodies specific to DIII, whereas almost half produced antibody that bound determinants in DII, particularly the fusion loop (23) . Functional studies of the polyclonal response of WNV-infected horses and humans indicate that the neutralization activity of sera is not dependent upon antibodies directed against the DIII-lateral ridge (lr) epitope (98, 99) .
Priming of protective anti-viral antibody responses
The priming of early effective neutralizing anti-viral antibody responses is crucial for control of severe WNV infection. In C57BL/6 mice, the development of WNV-specific neutralizing IgM was consistently observed beginning on day 4 after subcutaneous infection (41, 42) . Mice lacking secreted IgM (sIgM -/-) were highly susceptible to lethal WNV infection and exhibited sustained viremia, earlier viral entry into the CNS, and greater CNS viral accumulation (41) . Transfer of serum from wildtype to sIgM -/-mice on day 4 post-infection significantly protected mice from lethal WNV infection. This observation suggested that amplification of early IgM-dependent neutralizing antibody was critical for the control of WNVinduced disease. Indeed, the level of WNV-specific IgM in serum on day 4 after infection predicts disease outcome in mice. Accordingly, immune deficiencies that impair antibody priming also predispose to WNV susceptibility. Mice lacking the C3 or C4 components of complement or complement receptors 1 and 2 exhibited blunted anti-viral antibody priming and enhanced susceptibility to lethal WNV infection (42, 43) . Additionally, the absence of CD4 1 T cells, class II MHC expression, or CD40 signaling decreased neutralizing anti-viral antibody responses and survival rates after WNV infection (100, 101) .
Epitope localization of neutralizing antibodies
The specific binding epitopes of neutralizing antibodies have been examined for several members of the Flaviviridae family, including WNV. Epitope mapping has been evaluated using several different methods including nuclear magnetic resonance (NMR), X-ray crystallography, isolation of neutralization escape mutants, binding of antibodies to linear peptide binding, site-directed mutagenesis, and forward genetic screens with display of E proteins or domains on yeast or peptides on phage (reviewed in 102). Collectively, these studies suggest that virus type-specific antibodies that neutralize infection most efficiently bind to an epitope on the DIII-lr that is highly variable at the sequence level but structurally conserved among flaviviruses ( Fig. 2A) . One of the most potent neutralizing mAbs for WNV that was generated in our laboratory, E16, was crystallized in complex with DIII (103) . E16 bound to four discontinuous regions of the DIII protein, encompassing residues 302-309, 330-333, 365-368, and 389-391 ( Fig. 2A  and B) . Four residues centrally located in the antibody-antigen interface were initially identified by yeast surface display mutagenesis (S306, K307, T330, and T332), and each participates in an elaborated hydrogen-bonding network (20, 103) . Amino acid substituted forms of recombinant DIII and neutralization escape studies by other groups also identified the same composite epitope as important for binding of antibodies with strong type-specific neutralizing activity (96, 97, 104) . A major epitope that is recognized by anti-WNV neutralizing antibodies localizes to the fusion loop, located at the tip of DII (DII-fl). Unlike the DIII-lr epitope, this epitope is highly conserved among flaviviruses and elicits cross-reactive antibodies (21, (105) (106) (107) (Fig. 3) . The level of neutralization observed with this class of antibodies is more variable among flaviviruses and appears to be somewhat virus-specific. Monoclonal antibodies (mAbs) that map to this epitope only weakly neutralize TBEV yet strongly inhibit DENV infectivity (107) . Compared with DIII-lr mAbs, the DII-fl mAbs are less potent at neutralizing WNV in vitro and in vivo, and in some cases do not completely neutralize even at concentrations of mAb sufficient to saturate all available sites on the WNV virion (21) . In studies with TBEV, these cross-reactive DII-fl antibodies bound weakly to native virions yet strongly to detergentsolubilized virions, implying that at least some of this epitope was obscured in the mature virus. However, some crossreactive DII-fl antibodies have stronger neutralizing activity (22) and recognize additional amino acid residues in other domains (108) . DII-fl antibodies that recognize residues in multiple domains may span across the E homodimer in the mature virion and possibly interfere with the dimer to trimer transition during viral fusion.
Beyond the DIII-lr and DII-fl epitopes, neutralizing antibodies also recognize other regions on the E protein. We recently identified six additional epitopes in domains I and II of WNV E protein (the central interface, dimer interface, and lateral ridge of DII, the hinge region between DI and DII, the lateral ridge of DI, and the linker region between DI and DIII) and additional epitopes in DIII that bind mAbs with variable neutralizing activity (21) (Fig. 3) . Analogously, additional epitopes in DI and DII also have been described for YFV and DENV neutralizing mAbs (109) (110) (111) . Interestingly, one recently described anti-DENV-4 mAb that potently neutralizes infection localizes to amino acids 174 and 176 on a solventexposed loop DI and appears to inhibit at a post-attachment stage in pathogenesis (111) .
Antibody occupancy and affinity determine antibody neutralization potency
Neutralization of WNV by antibodies is a 'multiple' hit phenomena requiring engagement by more than a single antibody (112) (113) (114) (115) (116) . Neutralization occurs when the number of antibodies bound to an individual virion exceeds a required threshold. Recent studies indicate for WNV that two factors primarily determine whether an antibody at a given concentration exceeds the stoichiometric requirements for neutralization: antibody affinity and the accessibility of epitopes on the surface of the virus (Fig. 4) .
The strength of binding between antibody and viral antigen determines the fraction of epitopes on the virus particle occupied by antibody at any given concentration (defined as epitope occupancy) and is a primary determinant of neutralization potency of flaviviruses (112, 116) . Thus, differences in neutralization potency between antibodies that bind similar epitopes can be accounted for by differences in the strength of antibody-antigen interactions. Integrating data from measurements of the avidity of antibody-virion interactions and the concentration of antibody required to inactivate 50% of the virus allows an estimate of antibody occupancy when the virus is neutralized. Data from both Fab docking models and cryo-electron microscopy studies indicate that the potent neutralizing mAb E16 engages a maximum of 120 of 180 sites at full occupancy as steric conflicts at the inner fivefold symmetry axis restrict complete occupancy (103, 117) . Recent studies have evaluated directly how many antibodies for a given DIII epitope must be bound to a virion to achieve neutralization (112) . mAbs that recognize the DIII-lr epitope block infection at concentrations that result in a low occupancy of the available sites on the virion. Neutralization of 50% of the virions by the most potent DIII-lr mAbs occurs when as few as 30 of 180 sites are occupied.
In contrast, more weakly neutralizing mAbs that bind a distinct epitope on DIII recognize fewer sites on the virion and require almost complete occupancy to inhibit WNV infection. High-affinity antibodies that recognize less exposed epitopes exhibit rather limited neutralization potency and inhibit infection only at very high concentrations relative to their affinity for viral antigens. Indeed, for some high affinity anti-DIII antibodies against WNV, even complete occupancy on the virion is not sufficient to exceed the threshold for neutralization (112) . Preliminary experiments indicate that neutralization by antibodies that recognize DII-fl epitopes also Fig. 4 . Relationship between epitope accessibility and the occupancy requirements for neutralization. The accessibility of epitopes recognized by two different mAbs on the mature WNV virion is illustrated using molecular modeling: residues that comprise each determinant are illustrated as solid spheres. E proteins are colored according to their proximity to the two-, three-, or fivefold symmetry axes (blue, green, and yellow, respectively). The number of accessible binding sites for each antibody is indicated on the left, whereas the 'threshold' for neutralization is indicated as a red line (modeled in this instance as 30 mAbs based on studies using the mAb E16). To exceed the threshold requirements for neutralization, only a fraction of highly accessible determinants must be simultaneously occupied by antibody (a low occupancy requirement). For cryptic epitopes (fewer accessible sites), a significantly greater percentage of accessible epitopes must be bound to achieve the same number of antibodies docked on the average virion (a high occupancy requirement). Adapted from (112, 139). requires engagement of these poorly accessible determinants with a high fractional occupancy.
Mechanisms of antibody neutralization
Beyond epitope occupancy and strength of antibody binding, the potency of neutralization may be independently modulated by the specific mechanism of neutralization. For enveloped flaviviruses including WNV, antibody-mediated virus neutralization can occur at several steps in the viral lifecycle, including attachment to receptors on the cell surface, internalization, or fusion within the endosomes (115) . Antibodies that coat the virion surface could neutralize by directly by blocking receptor engagement or indirectly by inhibiting one of the conformational changes required for virus uncoating and nucleocapsid penetration into the cytoplasm.
There is still controversy as to how the potently inhibitory DIII-lr specific mAbs function. Indirect evidence suggest DIII plays in important role in virus attachment: (i) DIII protrudes the farthest from the surface of the virion; (ii) many of the mutations that impact tropism or virulence map to DIII (118, 119) ; and (iii) soluble forms of DIII can block WNV and TBEV infection (72, 73) . Thus, blockade of the binding step is an attractive model for the neutralizing mechanism of DIIIspecific mAbs. In contrast, 3H5-1, a DENV-2 DIII-lr mAb has been reported to neutralize virus by blocking entry and fusion (120) . Our studies for WNV indicate that DIII-lr mAbs inhibit binding of virus to cells, albeit weakly compared to mAbs that localize to other regions on E (103). Because strongly neutralizing DIII-lr mAbs inhibited infection after virus was allowed to attach to cells, we suggested they must act predominantly at a post-attachment step. Studies now confirm that the most potently neutralizing DIII-lr mAbs (e.g. E16) against WNV block the pH-dependent fusion step: E16 efficiently enters cells in complex with the virus and prevents low pH inactivation of WNV virions in solution or low pH catalyzed fusion at the plasma membrane or with liposomes (B. Thompson, J. Smit, M. Diamond, and D. Fremont, unpublished results). Electron microscopy studies also have shown that target cells internalize WNV complexed with neutralizing polyclonal antibodies, suggesting a postattachment mechanism of neutralization (121) . Studies are underway to determine the structural mechanism of fusion inhibition, for example whether DIII-lr antibodies restrict the pH-dependent E protein trimer formation. Nonetheless, it remains possible that other particularly potent inhibitory DIIIlr mAbs could block at multiple steps in the viral lifecycle, including cellular attachment or trafficking.
The mechanism of antibody-mediated neutralization may be especially relevant for WNV because of the identification of several putative attachment and entry receptors on mammalian cells. Antibodies that neutralize by attachment blockade may show cell-specific effects: as different cell surface receptors engage distinct epitopes on the E protein, mAbs could block infection in one cell type but not another. Such a pattern was observed with DII-specific mAbs against WNV (21, 103) .
Antibody-dependent enhancement of WNV infection
The mechanism of neutralization may also affect antibodydependent enhancement (ADE) of infection. ADE, which has been observed for multiple viruses in vitro including WNV, occurs when virus-antibody complexes enter cells through Fc-g receptor-mediated entry pathways (122, 123) and replicate to higher levels. This phenomenon has been hypothesized to contribute to the pathogenesis of dengue hemorrhagic fever (DHF) during secondary dengue infection (124) , although it has not been implicated in WNV disease. The most direct link between ADE and the clinical outcome of DENV infection comes from investigations of the unusually large number of DHF cases following primary infection in infants during the first year of life (125) . At birth, DENV-specific passively acquired antibodies are present at a relatively high concentration and exhibit neutralizing activity in vitro. However, as the infant ages, maternally acquired antibody wanes to levels that no longer neutralize virus and allows for enhancement of infection in vitro. The waning antibody titers of infants to levels that support ADE in vitro parallels the risk of DHF following primary DENV infection during the first year of life. Our recent studies suggest that the mechanism of neutralization and epitope specificity of antibodies impacts the extent of ADE observed in vitro. In cells expressing activating Fc-g receptors, DII-fl mAbs that block attachment promote ADE over a wide range of concentrations whereas DIII-lr mAbs that block fusion promote ADE only at sub-neutralizing concentrations (103, 112) .
Although the phenomenon of ADE has been established in vitro using several viral systems, it has been difficult to recapitulate in small or large animal models. Recent studies suggest a reason for this as the complement opsonin C1q inhibits ADE by WNV and DENV in vitro and in vivo (126, 127) . IgG subclasses that bind C1q avidly (mouse IgG 2a or IgG 2b ) induced minimal ADE of WNV infection in the presence of C1q, whereas subclasses that bind C1q weakly (mouse IgG 1 ) strongly enhanced infection (Fig. 5) . Thus, ADE can occur in vivo but does so under a very restricted set of conditions that is modulated in part by C1q binding to individual IgG subclasses (126) . In C1q-sufficient mice, ADE was observed at relatively low levels and only with mAbs of the mouse IgG 1 subclass, which poorly bind C1q. In contrast, in C1q -/-mice, robust ADE was observed with DII-or DIII-specific IgG 2a mAbs; as these mAbs are predicted to bind C1q avidly, it makes sense that ADE was minimized in C1q 1/1 wildtype mice. Although further studies are required, the observation that IgG 2a but not IgG 1 or IgG 2b promote ADE in C1q -/-mice is most consistent with an interaction with the Fc-gRI (CD64), which primarily binds monomeric IgG 2a with high affinity (128) .
Although our experiments demonstrated ADE of WNV infection in vivo in C1q -/-mice, we did not observe a significant change in disease phenotype or survival. The linkage between ADE and severe disease as postulated for DENV infection may not occur for WNV, because one or more additional steps of viral pathogenesis are absent in the lifecycle of WNV. Indeed, an enhanced risk of severe WNV disease during secondary infection or vaccine challenge has never been described. Instead, ADE and severe disease may be more significant for other flaviviruses, such as DENV. As our recent experiments establish that C1q also modulates ADE by DENV infection, we plan to use C1q -/-mice and IgG 2a mAbs along with specific adapted DENV strains (129) to evaluate the link between ADE and pathogenesis.
In vivo efficacy of neutralizing anti-WNV antibodies
While antibodies that recognize particular epitopes have neutralizing activity in vitro, a relevant test of their potency is protective activity in vivo in a passive transfer model. Neutralizing mAbs against flaviviruses are effective as pre-exposure prophylaxis in mice, with some mAbs having post-exposure therapeutic effects (reviewed in 92). Pooled g-globulin from immune and non-immune donors was therapeutic in mice infected with WNV, even when administered five days after infection (18, 19) . More recent studies from our group and others have demonstrated that mouse and human mAbs against WNV protect in vivo in rodents (20) (21) (22) (23) . In vitro neutralizing activity correlated with therapeutic activity, as mAbs that bound the DIII-lr epitope had the greatest effect in vivo. In contrast, mAbs that bound to the DII-fl or other neutralizing epitopes in DI and DII protected only 18-60% of mice when given two days after infection compared to DIII-lr mAbs, which protected 80-100% of mice (21) . Administration of human single-chain variable region antibody fragments converted to Fc fusion proteins (scFv-Fcs) that map to regions outside of DIII were also therapeutic in vivo (22) . If mAbs are to be an effective therapy for WNV encephalitis, they should function after the onset of symptoms and ideally, after infection in the CNS. In support of possible antibody therapy against WNV, case reports have suggested clinical improvement in patients treated with immune g-globulin (130, 131) . When mouse or humanized E16 was given as a single dose five or six days after infection, 90% of mice or hamsters were protected (20, 25, 132) . In these rodent models, WNV enters and replicates in the CNS by four days after infection. Correspondingly, E16 administered on day 5 reduced or completely cleared WNV burden in the brain on day 9 after infection. Acute flaccid paralysis in hamsters also was blocked by treatment with E16 several days after infection (26) . Thus, neutralizing antibody therapeutics show promise, as they directly inhibit transneuronal spread of WNV infection and prevent the development of paralysis in vivo.
Effector functions and protection by neutralizing antibodies
Antibodies may also inhibit WNV infection by activating Fc-dependent effector functions including complement activation and Fc-g receptor targeting. Opsonization of enveloped RNA viruses with classical pathway complement components C1q, C4b, and C3b can inhibit receptor attachment and promote the formation of C5b-C9 membrane attack components that induce virolysis (133) (134) (135) . Studies indicate that complement augments antibody-mediated neutralization of WNV in vitro (43) . In the presence of WNV-specific mAbs, complement promotes lysis of BHK or mouse MC57GL cells that express surface E proteins (43) . These data suggest antibodies that avidly fix complement may augment neutralizing activity in vivo against WNV.
More recent preliminary experiments show that C1q is necessary and sufficient to increase the potency of anti-WNV antibodies (Mehlhop, (137) . Interaction of the antibody Fc region with Fc-g receptors contributes to protection against WNV infection in vivo. Mice lacking activating Fc-g receptors required significantly higher doses of a neutralizing anti-E mAb to maintain equivalent levels of protection against lethal WNV infection (20) . Currently, the specific mechanism of protection (e.g. enhanced phagocytosis and destruction of viral particles or antibody-dependent cell-mediated cytotoxicity of infected cells) or the specific Fc-g receptors that mediate this effect remain uncharacterized.
Protective activity of anti-NS1 antibodies
The flavivirus non-structural NS1 protein is a highly conserved secreted and cell surface-associated glycoprotein that does not package with the virion. Nonetheless, immunization with NS1 elicits a protective immune response against YFV, DENV, and TBEV through poorly defined mechanisms. To study how anti-NS1 antibodies could protect against infection we recently generated a large panel of NS1-specific mAbs (27) . Prophylaxis of mice with several different anti-NS1 mAbs strongly protected against lethal WNV infection (75 to 97% survival, respectively) compared to saline-treated controls (17% survival). In contrast, other anti-NS1 mAbs of the same isotype provided no significant protection. Two of the anti-NS1 mAbs also demonstrated marked efficacy as postexposure therapy, reaching 80% protection when co-administered as a single dose four days after infection. Virologic analysis showed these anti-NS1 mAbs limited viremia and viral entry into the CNS.
Because NS1 is absent from the virion, we speculated that protective antibodies would be inhibitory because of specific effector functions. To identify the specific mechanism, we reevaluated the protective activity of anti-NS1 mAbs using mice with deficiencies of C1q or specific Fc-g receptors. In C1q -/-mice, which cannot activate complement by the antibodydependent classical pathway, virtually all of the protective activity of anti-NS1 mAbs was retained (27, 89) . In contrast, in Fc-g receptor I, III, and IV -/-mice, which lack the common signaling g-chain and are impaired in antibody-dependent effector responses, the beneficial effect of anti-NS1 mAbs was lost. Protective effects were retained in Fc-g receptor III -/-or NK cell-depleted mice, suggesting that NK cells did not contribute to anti-NS1 mAb-mediated protection against WNV. We hypothesized that anti-NS1 mAbs might target infected cells that display high levels of cell surface NS1 for phagocytosis by tissue macrophages that express high levels of Fc-g receptor I (138) . Opsonization with anti-NS1 mAbs of the IgG 2a subclass promoted efficient internalization of WNV-infected cells by wildtype and Fc-g receptor III -/-but not Fc-g receptor I, III, and IV -/-peritoneal macrophages. In contrast, internalization of WNV-infected cells by wildtype or deficient macrophages was not observed after addition of anti-NS1 mAbs that failed to recognize surface NS1 or were of the IgG 1 subclass. Thus, our experiments suggest protective anti-NS1 mAbs of a given IgG subclass that bind to cell surface-associated NS1 facilitate phagocytosis and clearance of WNV-infected cells through Fc-g receptors I and/or IV (Fig. 6) . 
Conclusions
Significant advances have been made in our understanding of the molecular and structural basis of antibody-mediated neutralization of WNV. Based on work by several groups, including our own, a composite picture has emerged as to the location of epitopes that are recognized by the most strongly neutralizing antibodies. Although preliminary experiments suggest the most potently inhibitory mAbs against WNV that map to the DIII-lr epitope block the pH-dependent fusion step, these results need to be confirmed with a larger panel of antibodies, including those that recognize related flaviviruses. The ongoing identification of bona fide attachment and entry receptors for flaviviruses will undoubtedly impact our understanding of antibody neutralization. Cell-specific differences in receptor usage will affect the mechanism and potency of antibody inhibition. Despite much progress, many questions remain unanswered: (i) what is the mechanism of inhibition for the DI and DIIspecific mAb neutralizing mAbs that localize outside of the fusion loop; (ii) what role do anti-prM and anti-M antibodies have in neutralization and protection; (iii) which E protein epitopes are immunodominant following natural WNV infection in humans and other animals; (iv) why are antibodies against poorly exposed epitopes still protective in vitro and in vivo; and (v) what is the structural basis of antibody blockade of WNV fusion by the DIII-lr antibodies.
An improved understanding of the mechanisms of antibodymediated neutralization and protection has significant implications for the generation of novel antibody-based therapeutics, epitope-targeted vaccines, or chemical inhibitors of WNV infection. WNV and other related viruses may be well suited to 'reverse vaccinology,' the identification and targeting of specific structural protein epitopes that elicit protective antibodies. In this strategy, epitopes that are poorly protective are eliminated or masked in favor of epitopes that elicit strongly protective antibodies. This could be achieved through selective epitope mutation or deletion, epitope masking with N-linked carbohydrates, subunit (i.e. DIII alone) vaccines, or through generation of novel variants that display desired epitopes. Vaccines that elicit potently neutralizing antibodies against the DIII-lr epitope that block fusion could be safer and more effective against a range of flaviviral infections.
